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This paper describes the design and implementation of a field trial of a GPS-based road-user charging system held in Newcastle upon Tyne,
U.K.  Employees from the University of Newcastle upon Tyne were recruited to participate in experiments of both point-based and distance-based
charging.  To avoid road-user charges for commuting to and from the University during the trial period, volunteers could choose either to reschedule
the departure time of their trip or to use an alternative uncharged route.  Virtual charging-points were implemented using GPS equipment and the on-
board charging system designed and developed by the research team in Newcastle.  The paper concludes with a discussion of the future directions
for empirical research on road-user charging.
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1. INTRODUCTION
Until very recently, surveys of how road-users
might change their travel behaviour patterns in response
to road-user charges have been based upon conventional
forms of Stated Response (SR) data collection.  Typically,
these involve respondents completing paper-based or
computer-based questionnaires using, for example, mail-
back techniques or household interviews.  SR techniques
are now an established tool in travel-demand forecasting
despite concern over the external validity of choice-mod-
els estimated from SR data, due to scepticism about
whether respondents will actually behave in real-life in
the way they say they would do during an interview.  Over
the years, several techniques have been developed to reduce
this problem, such as improving the realism of the hypo-
thetical choice-scenarios offered to respondents as part
of the SR exercise. In surveys of behavioural responses
to road-user charging, this problem may lead respondents
to either over- or under-estimate their willingness-to-pay
for particular journeys.  This, in turn, could cause serious
errors in the predictions of likely net revenues and reduc-
tions in traffic of a proposed charging system that are
necessary to inform large-scale investment decisions. To ad-
dress this issue, researchers continue to develop new ap-
proaches to SR data collection, which seek to improve
further the realism of hypothetical choice-scenarios and
(hopefully) to produce more accurate estimates of
behavioural responses and subsequent generated rev-
enues.  This has been achieved recently in separate field-
trial experiments, in which volunteers’ vehicles have been
equipped with on-board automatic debiting equipment
capable of charging road-users a fee at the point of use,
in various hypothetical road-user charging scenarios1-4 .
The field-trials in Newcastle formed part of a wider
study of drivers’ responses to road-user charging con-
ducted by the Transport Operations Research Group
(TORG) at the University of Newcastle and the Institute
for Transport Studies (ITS) at Leeds University and funded
by the Engineering and Physical Sciences Research Coun-
cil (EPSRC) in the UK.  The project involved a number
of different data collection tasks, including an advanced
driving simulator test, a computer-based route choice
simulator, conventional questionnaires and SR surveys,
as well as the on-road trials in Newcastle5.  The results from
these four experiments were used in a SATURN model-
ling exercise, to assess the impact of alternative road-user
charging scenarios using case-study city networks of
Cambridge, Leeds and York6.  The aim of this particular
paper is to describe the design, development and imple-
mentation of the on-road trials in Newcastle. The remain-
der of this paper is therefore organised as follows: Section
2 provides an introduction to the field-trial, in terms of
its aims and objectives and the general approach em-
ployed for investigating road-users’ behavioural re-
sponses to charges; Section 3 describes the technical* Deceased
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development of the on-board automatic debiting system,
which was based upon the Global Positioning System
(GPS) for real-time vehicle locationing; the arrangement
of “virtual” charging-cordons and screenlines is discussed
in detail in Section 4; our approach to sample recruitment
and the definition of hypothetical charging-scenarios is
the subject of Section 5; the methods adopted for admin-
istering real money budgets to our volunteers are de-
scribed in Section 6.  The results and conclusions from
the field-trial are presented in Sections 7 and 8 respec-
tively.
2. KEY FEATURES OF FIELD-TRIAL
EXPERIMENTAL DESIGN
The main aim of the field-trials was to investigate
route-choice and trip-retiming behaviour of volunteers
between a range of feasible routes for commuting trips
to and from the Newcastle University campus, under both
point-based and distance-based road-user charging re-
gimes7.  In the point-based charging experiment, this was
achieved by levying a charge at a predetermined strate-
gic point along a volunteer’s stated first-best (i.e. pre-
ferred) route and monitoring subsequent route and
departure-time choices.  That is, volunteers could (if they
wished) avoid the prevailing charge either by re-routeing
to an (originally) second or third-best route or by adjust-
ing their preferred time of departure to either a minimum
of 30 minutes earlier for morning inbound trips or a mini-
mum of 30 minutes later for evening outbound trips.  The
charges levied on the use of the (originally) preferred
route were increased or decreased on a trip-by-trip ba-
sis, depending on the behavioural response observed for
the previous trip in the same direction (i.e. inbound or
outbound).  The aim of adjusting charge-levels in this way
was to move towards that charge at which the volunteer
was indifferent between at least two available routes for
the two trips undertaken at different times of the day.  The
charging-point, in fact, represents a charging cordon
across a particular link in the road network.  Using this
charging cordon and other screenlines located at similarly
strategic points across the network, and monitoring pre-
cisely where and when each cordon or screenline was
crossed during a particular trip, it was possible to iden-
tify (in real-time) the route selected.  Volunteers partici-
pating in the distance-based charging experiment faced
a charge per unit distance travelled (pence per kilometre)
for their commuting trips to and from the University.
This unit charge was also varied, in the same way as
point-based charges, on a trip-by-trip basis and between
available routes.  Similarly, volunteers could (again, if
they wished) avoid paying the distance-based charges by
re-routeing or re-timing, as described earlier.  Each vol-
unteer was allocated a real money budget, from where
any road-user charges that they incurred were deducted
automatically and in real-time (Section 6).  Volunteers
were informed that they would keep any money left in
the account at the end of the trial.  It was intended that
this would provide sufficient incentive for our volunteers
to reconsider carefully their current travel patterns with
respect to commuting journeys.
In terms of the technology, previous research by
Newcastle University in the European Commission projects
PAMELA, ADEPT I and ADEPT II had designed, vali-
dated and tested a short-range microwave communication
system that, together with intelligent in-vehicle tags/tran-
sponders, developed the basis of an automatic debiting
system for road-user charging applications8, 9.  Unfortu-
nately, sufficient numbers of roadside units were not avail-
able at the time of the Newcastle trial for this system to
be used.  This forced a rapid rethink as to how the toll-
points could be established in practice without any road-
side equipment.  Thus, with no guarantee of success, the
research team took the radical step of integrating a simple
and relatively cheap GPS vehicle-locationing device with
palm-top computer technology into a single unit that
could be fitted easily into an ordinary car and did not re-
quire the installation of any additional roadside infrastruc-
ture (Section 3). The precedent for this did exist as GPS
technology had been used previously in the MobilPASS
field-trial of urban road-user charging in Stuttgart, Ger-
many between February 1994 and March 199510. After
successful trials, the on-board unit was able to estimate,
at frequent intervals, a vehicle’s precise position on the
network.  These co-ordinates were then compared in real-
time with those of a pre-defined “virtual” toll-station, at
any chosen location on the road network within the study
area, and charges were deducted from the on-board ac-
count as appropriate (Sections 4 and 5).
An important early stage in the design of the ex-
periment was the definition of the “model” trip that would
form the focus of the trials.  Once the characteristics (and
their parameters) were identified, validation procedures
were designed to confirm whether or not a trip that the
volunteer had just completed was valid for the purposes
of the experiment.  The general definition of a “model”
trip was an inbound or outbound commuter trip between
a volunteer’s usual residence and one of the on-campus
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University car parks.  In more detail, any of the follow-
ing events would render a particular trip invalid:
• the origin of the trip being somewhere other than the
volunteer’s home (inbound) or the University campus
(outbound);
• the destination of the trip being somewhere other than
the volunteer’s home (outbound) or the University cam-
pus (inbound);
• any intermediate stop involving the engine being
switched off for more than 15 minutes;
• the on-board charging equipment not remaining
plugged in for the full duration of the journey;
• the equipment suffering any malfunction or failure;
• failure to raise a “location flag”, indicating the direc-
tion in which a charging-cordon or screenline was
crossed;
• failure to cross any screenlines at all; and
• failure to cross the screenlines in the correct sequence,
appropriate to the trip being undertaken.
These validation checks were designed to filter out
any “unusual” trips which may have occurred due to, for
example, a volunteer stopping en route to go shopping,
doubling back home or to the office to collect a forgotten
item, getting lost or being diverted due to a road-traffic
accident. Software was developed to detect the occurrence
of any of the events listed above, so as to assess the va-
lidity of a trip on-line.  This automatic validation proce-
dure minimised the risk of any volunteer (accidentally or
deliberately) defrauding the system.  For example, to con-
firm that the origin and destination of each trip were valid,
virtual screenlines were defined with an “origin” screenline
located close to where the trip was expected to begin and
a “destination” screenline close to where the trip was ex-
pected to end.  Another advantage of this on-line valida-
tion was that information regarding the level of charges
for the next journey in the same direction (i.e. inbound
or outbound) could be displayed to the driver once the
validity of the current trip had been confirmed after the
“destination” screenline had been crossed.  Vitally, this pro-
vided volunteers with ample opportunity to plan their fu-
ture trips in terms of route and time of departure well in
advance with precise information of the prevailing charge.
As already indicated, point-based charge levels and
distance-based charge rates were varied trip-by-trip for
each respondent on the basis of their behavioural responses
to previous charge-levels ‘observed’ by the on-board unit.
Alternative approaches, in which the same point-based
charge or distance-based rate would be applied for each
volunteer, were discounted on the grounds that the num-
ber of “marginals” in the sample (i.e. those volunteers at
or close to the point of indifference between available al-
ternatives at the pre-selected charge-level) may be rela-
tively small using this “broad-brush” approach.  This is
the main reason why a procedure for customising charge-
levels for each volunteer was developed.  Results from an
initial transfer-price exercise conducted with each volun-
teer were used to provide a “first estimate” of the mar-
ginal charge to be implemented on the first day of the
trial.  This transfer price, in theory, determines the level of
toll-charge at which the volunteer is indifferent between
available routes.  However, an on-line mechanism was also
required to fine-tune this estimate, by monitoring and re-
cording a volunteer’s behavioural response to a current
charge-level and adjusting the charge for the next trip ac-
cordingly.  This was performed in real-time for each trip
during the field-trial.  A “charging algorithm” was devel-
oped for this, which was able to adjust the charge-level
(or charge-rate per unit distance) on a trip-by-trip basis
at different times of the day, always towards that at which
the volunteer was indifferent between at least two of the
available routes or departure times.
3. DESCRIPTION OF THE GPS-BASED
AUTOMATIC DEBITING SYSTEM
The reason has already been given as to why the
original intention of using the roadside beacons from the
PAMELA/ADEPT microwave system had to be dropped.
This meant that a new on-board system had to be designed,
developed and tested ready for the on-road trials.  This
system had to be capable of implementing both point- and
distance-based charging regimes as well as deducting ap-
propriate charges (in real-time) from an on-board account.
For both charging regimes, the system needed to be able
to determine the location of a volunteer’s vehicle at any
given time during the trip.  For distance-based charging,
a means of measuring the actual distance-travelled was
clearly also required.  Additional data requirements for
each individual trip included:
• the day and date of travel;
• the direction of travel (i.e. inbound or outbound);
• the actual time of departure and arrival;
• the total amount of road-use charges incurred;
• the remaining money balance at the end of the trip; and
• details of the route taken as a series of locational fixes.
Several functional requirements were specified for
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the on-board unit:
• automatic recording and logging of the required trip data;
• a suitable display unit, for presenting relevant informa-
tion to the user en route;
• automatic debiting of an appropriate point- or distance-
based road-use charge from the volunteer’s on-board
account;
• relatively low implementation cost, to maximise the
number of vehicles which could be equipped during the
survey period; and
• quick and easy fitting to and removal from volunteers’
vehicles, without any damage.
The key components of the on-board system com-
prised:
• a Garmin GPS 45 XL Personal Navigator (to determine
a vehicle’s position at any time along its route);
• a distance-measuring device connected to the vehicle’s
odometer (to record actual distance travelled) ; and
• a Psion Series 3c palm-top computer (to record and
process the output from the GPS unit and distance-mea-
suring device).
The Psion computer was also used to perform the
charging function and record the necessary charging level
or rate, the distance travelled and (using the internal
clock) departure/arrival time data.  The equipment was
powered through a further connection to the vehicle’s bat-
tery via the cigarette-lighter socket. Once the interface be-
tween the Psion computer, the GPS system receiver and
the distance-measuring device had been perfected, further
field-testing was undertaken.  This was principally to test
the procedure for using the position data from the GPS
unit and the stored xy equations of screenlines (derived
from the end-points of each screenline on an Ordnance
Survey (OS) map), for estimating the position of a vehicle
relative to a screenline.  When the vehicle’s position rela-
tive to the screenline changed from one side of the line
to the other, the vehicle was deemed to have crossed that
screenline.
4. ARRANGEMENT OF SCREENLINES AND
CHARGING CORDONS
It was considered unlikely, within the resource con-
straints of the project, that the research team would be
able to recruit sufficient volunteers from any one area i.e.
all using the same road corridor.  Therefore, customised
screenline arrangements were developed for each volun-
teer, in addition to the customised range of charges dis-
cussed earlier.  Thus, for the charging algorithm to work
satisfactorily, the on-board unit needed to measure
whether the volunteer was travelling on their (originally)
preferred route, which would incur either a point-based
or distance-based charge, or an alternative (charge-free)
second- or third-best route.  The on-board unit was also
capable of measuring, in real-time, the departure time for
each trip to determine whether the forthcoming trip would
be exempt from charges, even if the preferred route was
followed.  This required three screenlines to be identi-
fied, at different strategic points on the network, to iden-
tify which of the three routes the volunteer had chosen
for a particular trip.  These screenlines are in addition to
the origin and destination screenlines used for validation
purposes described earlier. A generalised example of the
screenline arrangement is given in Figure 1.
Screenline 1
(Origin)
Screenline 5
(Destination)
Screenline 3
‘Second-best’
route
ORIGIN
DESTINATION
‘Preferred’
route
Screenline 4
Screenline 2
(Charged)
‘Third-best’
route
Fig. 1 Generalised approach to arrangement of
screenlines
Each screenline was then assigned a numerical iden-
tifier as follows:
• 1 = the “origin” screenline;
• 2 = the screenline (charging cordon) across the pre-
ferred route;
• 3 = the screenline across the second-best route;
• 4 = the screenline across the third-best route; and
• 5 = the “destination” screenline.
The following sequences of screenline crossings
were therefore valid for the study:
• 1 → 2 →  5;
• 1  → 3 → 5; and
• 1  → 4 → 5.
Any variation to these sequences detected by the
on-board unit caused that trip to be invalidated.
Another important issue to be considered when lo-
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cating screenlines was the distance between the actual
origin of the trip and the “origin” screenline, in order to
ensure that the GPS unit had “locked on” and was ca-
pable of establishing the vehicle’s position before this first
screenline was crossed.  Preliminary tests revealed that
the “cold start” problem meant that the time interval be-
tween switching on the GPS receiver and acquiring the
first locational fix could be as long as 10 minutes.  As-
suming an average speed of 70 km/h, this resulted in the
origin screenlines being located, typically, up to 12
kilometres from the trip origin.  (The implications of this
for recruitment of volunteers are discussed in the follow-
ing section.)  To compound this, problems due to signal
occlusion caused by tall buildings and corridor streets in
built-up areas meant that the location of the “destination”
screenline for inbound trips was usually some distance
from the University campus.
5. SAMPLE RECRUITMENT AND DEFINITION
OF CHARGING SCENARIOS
The target was to recruit at least 30 volunteers each
for the point-based charging and the distance-based charg-
ing experiments. A total of 30 volunteers were eventu-
ally recruited from the population of approximately 2,000
University car-park permit-holders.  This seemingly low
“strike rate” can be explained largely by the stringent re-
quirements that each potential recruit and their vehicle
had to satisfy to take part in the trial.  The initial criteria
required each volunteer to be making regular commut-
ing trips (of at least 15 kilometres) by private car to/from
the University that was not to include any intermediate
stops of greater than 15 minutes.  It was also necessary
for their vehicle to have a working cigarette lighter in the
dashboard for the supply of power to the on-board unit.
Potential recruits who satisfied these criteria were then
contacted to arrange a meeting to assess the technical suit-
ability of their vehicle.  This involved a check on the suit-
ability of the odometer for the measurement of actual
distance travelled, the dashboard for accommodating the
on-board unit and the cigarette-lighter for providing a re-
liable source of power.  Assuming the vehicle passed each
of these tests, a second interview was then arranged with
the potential recruit to collect the following key data:
• his/her socio-economic characteristics;
• his/her attitudes to various features of road-user charg-
ing;
• the information on current inbound and outbound com-
muting trips (such as route choice, perceived travel
time and distance);
• similar information for second- and third-best inbound
and outbound commuting trips; and
• a value-of-time estimate, using a simple transfer-price
route-choice exercise.
Back in the laboratory, these data enabled the re-
search team to identify realistic route-choice scenarios for
each volunteer’s inbound and outbound trips that involved
typically a 10-minute diversion. Using these data, the re-
search team was able to design the various route and de-
parture-time choice-scenarios for each volunteer.  This
involved the following activities:
• determining the precise co-ordinates of the various
screenlines;
• specifying the time-bands for departure times outside
which the volunteer would be exempt from paying
charges irrespective of route-choice;
• calculating the initial levels of point-based charges or
rate per unit distance travelled for input into the charg-
ing algorithm; and
• calculating the size of the volunteer’s money budget
to cover the duration of the trial.
These key pieces of information were then pro-
grammed into a control file that was then downloaded to
the Psion palm-top computer.  A third and final pre-trial
interview was arranged with the volunteer, during which
the equipment would be handed over along with a step-
by-step guide for its installation/removal at the start/end
of each trip, and an aide memoire of the key features of
the experiment.  Importantly, volunteers were warned that
the final balance shown on the computer at the end of
the trial may not be equal to the amount they actually re-
ceive due to retrospective deductions being made by the
team if a satisfactory number of valid journeys overall
had not been made (Section 6).
Apart from the details of the actual trips made, which
were measured and stored automatically by the on-board
system, information also had to be recorded manually by
volunteers on a short daily (paper-based) questionnaire
about the rejected alternative trip using one of the avail-
able routes or times not selected.  Importantly, the vol-
unteer also recorded on this questionnaire the motivations
for selecting the chosen route and departure time for the
completed trip.  These data would be used by the research
team to identify invalid trips, retrospectively, when a
volunteer’s choice of route and/or departure time was con-
strained by factors other than the prevailing charge (for ex-
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ample re-routeing to pick up a friend or colleague en
route or having to stay at work later than usual to com-
plete an important task).  Both of these changes in usual
patterns of behaviour would have been misinterpreted by
the charging algorithm as the volunteer being unwilling
to pay the prevailing charge.
6. ADMINISTRATION OF VOLUNTEERS’
MONEY BUDGETS
One of the innovative features of the experiment
was the allocation of a real money budget to each volun-
teer.  Charges that they incurred during the trial were then
deducted from this account.  An important consideration
was how much each volunteer should receive at the start
of their two-week trial.  Generally, the budget should be
large enough, so that it is not exhausted part-way through
the trial, but not too large that the charges incurred are
perceived as being relatively insignificant compared to
what the volunteer could retain at the end of the trial.  As
charge levels were to be customised to each volunteer to
reflect inter-personal variations in willingness-to-pay, it
was clear that the size of a volunteer’s budget should be
customised in the same way.  A formula was therefore
developed to determine the sizes of individual budgets.
The research team considered that each volunteer should
ideally be left with a closing positive balance of approxi-
mately £10, which was effectively their financial reward
for taking part.  The difficulty was trying to second-guess
how much each volunteer was likely to spend through
incurring charges during the trial.  Using the value-of-time
information derived from the earlier transfer-price exercise,
a respondent’s perceived travel-times along the alterna-
tive routes available and knowledge of the charging al-
gorithm, the research team was able to approximate the
total amount of charges each volunteer was likely to incur
over the two-week period.  This estimated amount was then
added on to the £10 reward.  The amount each volunteer
actually retained was largely dependent on the accuracy
of the team’s second guess and on the number of invalid
journeys that were performed.  Clearly, volunteers who (for
whatever reason) over-estimated their actual value-of-
time during the transfer-price exercise would end the ex-
periment with a larger reward than intended and those
volunteers who under-estimated may end with consider-
ably less.
The innovative approach to the money budget
would clearly only be successful if volunteers truly per-
ceived this money as “their own” – and hence the research
team would have greater confidence in the external va-
lidity of the behavioural responses observed during the
experiment.  The evidence from the trial suggests that the
way in which budgets are actually administered to the
volunteers has a great bearing on the extent to which they
perceive that money as their own.  The first approach
tested during the early piloting of the experimental de-
sign involved informing each volunteer during the final
pre-trial briefing as to the size of his or her budget.  This
was indicated on the Psion computer screen as the cur-
rent balance on the first day of the trial.  Evidence from
this piloting suggested that the perception of some vol-
unteers of the money being their own was unsatisfactory.
For example, one volunteer happily paid up to £35 on a
daily basis to avoid a ten-minute diversion simply because
(as he said) it was not his money at stake.  This under-
lines the importance of maximising as far as possible the
realism of SP choice scenarios. The logic in redesigning
the approach to overcome this problem was as follows.
On the one hand, volunteers must perceive the money as
their own by feeling they have full control over it whilst,
on the other hand, the research team need to retain some
control over the final balance, so as to penalise any vol-
unteers who deliberately “failed to play the game”.  This
was achieved by deducting money from the account ret-
rospectively, to ensure that the project’s budget for vol-
unteers’ accounts was not exhausted before a sufficient
amount of useful data had been gathered.
Actually handing cash over to respondents before
the trial began clearly improved their appreciation of this
as real money.  In return for the cash, volunteers were
asked to write a post-dated cheque for an equal amount
made payable to the University.  Hopefully, this cheque
discouraged volunteers from attempting to defraud the
system, as they would stand to gain nothing financially.
That is, if the volunteer managed to defraud the system
for every trip, the volunteer would keep all the cash but
the research team would cash the cheque (to the same
value) returning the project’s (as well as the volunteer’s!)
balance to its original level.  In practice, the cheque was
destroyed in front of the volunteer after the two-week trial
was over, providing there was sufficient valid data re-
corded on the Psion.  The volunteer then wrote a second
cheque equal to the amount of their road-user charges in-
curred during the trial (in every case, for less money than
they had received initially).  This cheque was then paid
back into the research project’s account.
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7. RESULTS FROM THE FIELD-TRIAL
EXPERIMENT
Of the 30 volunteers who took part in the field-tri-
als, eleven participated in the point-based charging ex-
periment, four in the distance-based charging experiment
and fifteen took part in both.  This is considerably below
the minimum target number of 60 volunteers.  The most
frequent stumbling block for recruitment was the require-
ment for the volunteer to live at least 12 kilometres from
the University, due to the warm-up time of the chosen GPS
system.
Regarding the vehicles themselves, the most fre-
quently occurring problem was the scarcity of volunteers
whose cars had the magnetic odometers needed for the
chosen distance-measuring device to work for distance-
based charging.  An increasing proportion of vehicles
nowadays tend to be fitted with electronic equivalents,
which are very hard to hard-wire into.  This meant that
it was extremely difficult to find suitable volunteers for
the distance-based charging experiment.  The problem
was overcome in the latter stages of the trial, by rethinking
the approach to measuring distance travelled in real time.
Rather than using the output from the vehicle’s odom-
eter, the GPS receiver output was interrogated instead, to
determine how far a vehicle had travelled for charging
purposes.  This was clearly a second best solution, due
to the system measuring “crow-fly” distances between
any two GPS locational fixes rather than actual distance
travelled. In turn, a number of modifications were also
required to the experimental design of the distance-based
charging experiment, due again to the “cold-start” prob-
lem with the GPS receiver.  Distance-measuring could
clearly only begin once the first locational fix had been
established and a retrospective calculation performed of
the (albeit “crow-fly”) distance between the trip origin
and the first locational fix.  The appropriate charge for
this distance could then be calculated, displayed to the
driver and incremented thereafter, as the vehicle continued
its journey.  As with the original method, this continues
until the vehicle crosses one of the three route screenlines.
If the on-board unit detects that the volunteer has re-routed
or re-timed to avoid paying, charges are reimbursed there
and then to the volunteer's account.  Otherwise, charges
increase until the volunteer crosses the “destination”
screenline and is deemed to have arrived at either work
or home depending on the direction of travel. This high-
lights an additional issue caused by the ‘cold start’ prob-
lem with the GPS receiver in that the actual time of
departure was determined as the time when the GPS sys-
tem obtained its first locational fix. This could cause some
drivers to be charged for trips that had actually been re-
timed by the required amount to qualify for a ‘free’ trip.
As noted earlier, a volunteer was recruited for a
two-week period, which meant that each could have per-
formed a maximum of 20 commuter trips.  Overall, 900
trips could therefore have been made by the 26 volun-
teers taking part in the point-based charging experiment
and the 19 volunteers taking part in the distance-based
charging experiment.  This total was reduced to 892 pos-
sible trips due to pre-planned holidays and other known
absences from work reported during the second pre-trial
interview.  Of these trips, 731 were actually made – the
remaining 161 being lost due to (for example) unforeseen
absences from work, the respondent forgetting to plug in
the equipment or choosing an alternative mode of travel.
To these 731 trips, the validity checks were applied, re-
sulting in just over half (387) of the trips completed be-
ing deemed valid.  A breakdown of these valid trips is
provided in Table 1.
Volunteers received budgets within the range of £13
to £28 for the two-week trial.  This included the intended
£10 reward for participation.  The average budget was
approximately £19, with trip charges for a perceived 10-
minute time-saving typically in the range of 20 pence to
£1.40.  On average, volunteers spent approximately £2.50
on charges during the trial.  Analysis of the admittedly small
sample size indicates an average value-of-time of approxi-
mately 10 pence per minute.  This is broadly in line with
values-of-time estimated from data gathered from other
parts of the project (including a computer-based route-
choice simulator) but is higher than has been estimated
in earlier studies, even after adjusting their price-bases
for inflation.  This would suggest that generated revenues
might be higher but reductions in traffic congestion lower
than previously had been thought.
The figure clearly suggests that the majority (57%)
of the total number of valid trips were in-bound compared
to 43% that were outbound.  51% of drivers opted to pay
the prevailing charge and travel on their preferred route
at their preferred time of travel for just over half of the
inbound trips.  The preferred response to avoid the charge
was to use an alternative route (44%), whereas only a
handful of trips (5%) were re-timed.  This is consistent
with the fact that those volunteers wishing to avoid the
charge were trading off a ten minute earlier start so as to
re-route and arrive at work at the usual time and a 30
minute earlier start to qualify for exemption from the toll-
charge through re-timing.  Further experimentation is
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clearly warranted to explore volunteers’ behavioural re-
sponses to changes in departure times and perceived
travel times of similar magnitudes.
The charging-regime appears to have little influence
overall on the types of response to charges on inbound trips.
It is also worth noting that no trips were made where the
volunteer both re-routed and re-timed!  A similar picture
emerges from the figure with respect to valid outbound
trips, although there does appear to be some evidence of
a greater propensity to re-route and re-time by volunteers
on the distance-based charging experiment.  Indeed, 6%
more trips were re-routed and 5% more re-timed in the
afternoon than in the morning.  This is consistent with a
generally lower valuation of travel-time on the return trip
from work.
Turning to the invalid trips, many volunteers re-
ported that route and/or departure time choice for a par-
ticular trip was constrained in some way and therefore
their observed behaviour was not an unconstrained re-
sponse to the prevailing charge and perceived travel-times
and distances on available alternative routes.  This result,
reported on the daily questionnaire and which affected
13% of the total number of trips made and accounted for
over a quarter (27%) of the invalid trips, highlights the
importance of diurnal constraints on travel behaviour.
This leads to the suspicion that naïve application of elas-
ticities derived in an insufficiently constrained environ-
ment could lead to an over-prediction of response.  Of
the remaining invalid trips, 10% were due to technical
faults, such as a GPS receiver’s aerial slipping and losing
sight of a sufficient number of satellites to determine its
position.  A further 8% can be attributed to the on-board
system failing to detect correctly that the volunteer had
crossed a particular screenline.  For example, this could
have been due to the GPS receiver warming up only after
the “origin” screenline had been crossed or to the vehicle
being caught in slow moving traffic in close proximity
to a screenline and the system deciding that the screenline
had been crossed more than once due to the inaccuracy
of vehicle-location estimates.  Only one trip was invali-
dated due to the volunteer breaking the trip for longer
than the stipulated 15 minute maximum.  The remaining
eight invalid trips were identified during the process of
data cleaning.
During the pre-trial interviews, each volunteer was
asked to rate, on a five-point Likert scale, the strength of
their agreement to six attitudinal statements about road-
user charging.  As part of the de-briefing process, the vol-
unteers were again asked to rate their attitudes to these
statements, to explore the impact (if any) on their atti-
tudes of participating in the field-trials.  Analyses of the
“before” and “after” data revealed no significant changes
in attitude to any of the statements.  This finding also
holds when the data were reanalysed with the sample dis-
aggregated on the basis of age, gender, salary or in which
charging regime experiment the volunteer had partici-
pated.  The main findings for each attitudinal statement
may be summarised, as follows:
• just over half of the sample (53%) disagreed that driv-
ers should be charged a toll for using congested roads,
with no indication given about the re-investment of the
net revenues;
• if a toll was charged for using their normal route to and
from work:
• 77% agreed that they would consider travel-
ling at a less congested time;
• 83% agreed that they would consider travel-
ling by a longer but toll-free route;
• 50% disagreed that they would consider using
public transport compared to a third who
Table 1 Details of valid trips completed during the trial
CHARGING REGIME TOTAL
Point-based Distance-based No. %
Total number of valid inbound trips 132 90 222 100
Paying to use preferred route at preferred time of travel 67 47 114 51
Using an alternative route at preferred time of travel to avoid charges 60 37 97 44
Using preferred route at earlier time of travel to avoid charges 5 6 11 5
Total number of valid outbound trips 94 71 165 100
Paying to use preferred route at preferred time of travel 43 24 67 41
Using an alternative route at preferred time of travel to avoid charges 47 36 83 50
Using preferred route at later time of travel to avoid charges 4 11 11 9
Total number of valid trips 226 161 387 n/a
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would not; and
•   60% disagreed that drivers should be charged
either a fixed or distance-related toll for enter-
ing or travelling within the centre of Newcastle,
again with no indication given as to the destina-
tion of the net revenues.
8. CONCLUSIONS AND FUTURE DIRECTIONS
FOR EMPIRICAL RESERACH ON  ROAD-
USER CHARGING
The results from the field-trial are inevitably lim-
ited by the small sample size but a number of important
and interesting issues have emerged, which could provide
valuable input to the design of similar trials in the future.
The first point to make is that the trials demonstrated suc-
cessfully how GPS technology can be used to deduct both
point- and distance-based charges automatically from a
volunteer’s on-board account, without the need for road-
side infrastructure (except, of course, for enforcement).
The main problems occurring during the experiment were
due largely to technological constraints and the complex
nature of individuals’ activity patterns.  The results have
demonstrated how the charging algorithm developed dur-
ing the project was given insufficient opportunity to work
as intended, due to two key factors.  The first was the
algorithm’s insensitivity to a range of exogenous factors
affecting route- and departure-time choice, which were
mis-interpreted as behavioural responses to the prevail-
ing charge.  Although these trips could be identified by
the research team after the trial had ended and invalidated
retrospectively, charge-levels were being varied inappro-
priately during the trial by the algorithm.  This problem
was compounded by the algorithm also being unable to
accommodate volunteers’ intra-personal variations in
their value of time.  The algorithm assumed this value to
be constant during the trial, whereas daily variations in
people’s activity schedules revealed the situation to be
rather more complicated.  For example, a volunteer may
not be willing to pay a certain charge-level for a perceived
travel-time saving on one day but would pay a higher
charge on the next day, due to (for example) a reduced
flexibility in their activity schedule.  This phenomenon
would make it impossible for the charging algorithm, in
its present form, to converge on a precise charge-level at
which a volunteer was indifferent between available
routes as this can vary on a trip-by-trip basis.
It has been reported how certain constraints with the
adopted technology had to be built into the experimental
design.  This principally affected the number and arrange-
ment of screenlines and the ability to recruit sufficient
numbers of suitable volunteers.  Since the end of the trial,
major advances have occurred in GPS and palm-top com-
puter technology.  For example, the removal of Selective
Availability and improvements in GPS signal acquisition
time mean that “origin” screenlines could now be located
much closer to volunteers’ homes or place of work.  This
would have enabled us to boost our sample size and also
to compare the impact of road-user charges on shorter as
well as longer distance journeys.  Advances in computer
processing speed now mean that the on-board unit would
be capable of assessing a moving vehicle’s location rela-
tive to many more than just five screenlines, as used in
the Newcastle trial.  This opens up a number of possi-
bilities for more elaborate arrangements of screenlines in
future trials.  For example, the more realistic scenario of
a watertight set of (say) up to 10 charging cordons drawn
around an urban area, as envisaged originally for the
Newcastle trial, may now be feasible technologically.  In
a similar way, whereas only one set of customised screen-
lines appropriate to each volunteer’s commuter journey
patterns has been demonstrated so far, it may now be pos-
sible to implement several sets of screenlines to investi-
gate the impacts of charges on trips with different origin/
destination pairs.  This would enable non-commuter trips
to be investigated, as well as non-work related trips for
other activities, such as shopping and leisure.  This could
provide a valuable extension to the field-trials as the effects
of direct road-user charging on household daily activity-
schedules would be brought into focus more sharply.
Finally, there are two further important dimensions
in which the Newcastle project could be developed.  The
first relates to the charging regimes tested.  To date, only
point-based and distance-based charges have been imple-
mented, although the wider project also considered time-
based and congestion-based charges.  Data regarding the
nature and extent of possible behavioural responses to
these approaches were gathered using only off-road data
collection techniques.  This was due to evidence from
driving simulator experiments suggesting that charges
based on time spent on the network or in stop-start traf-
fic conditions might induce drivers to drive carelessly.
This effect was apparent on the simulator even at quite
modest charge levels11.  However, it is worth noting that,
during the debriefing interviews held with the Newcastle
volunteers, none reported driving during the on-road tri-
als any less carefully than usual when trading off travel-
time and real money, e.g. by opting for a longer toll-free
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route instead of a shorter charged route.  It is envisaged
that the effects on travel-behaviour of all four of the main
charging regimes mentioned will be investigated in fu-
ture on-road trials.  Indeed, the earlier ADEPT equipment
was used in a successful technical demonstration of these
regimes in Cambridge.  The connection to the odometer
used for distance- and congestion-based charging may
now be redundant, as the improvements in the distance-
measuring capability of new GPS receivers would overcome
the need for this. Finally, a second important extension
to the project relates to the range of permissible behavioural
responses. Although covered by other parts of the project,
only route- and departure-time choice behaviour was in-
vestigated in the Newcastle field-trial.  Further adapta-
tions to the current experimental design are planned and
the implications for the functional requirements to inves-
tigate other behavioural responses such as mode-switch-
ing, changing trip-frequency, vehicle occupancy and even
trip origins and destinations due to the introduction of
road-user changing are currently being considered.
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